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Adiabatic and relaxation calorimetry
Schottky anomalyFour (solid–solid) phase transitions were detected in the temperature range of (9 to 300) K in polycrys-
talline [Cr(NH3)6](BF4)3 at TC1 = 240.7 K, TC2 = 108.0 K, TC3 = 91.9 K, and TC4 = 61.3 K by adiabatic calorime-
try. The measurements by relaxation calorimetry were followed on lowering temperature from 20 K
down to 0.35 K under six different external magnetic ﬁeld values (9, 7, 5, 3, 1 and 0) T. For non-zero
values of applied magnetic ﬁeld well-deﬁned Schottky anomaly appears. Magnetic heat capacity was
calculated assuming the zero-ﬁeld splitting for the decoupled Cr(III) ions. There is no discrepancy
between the observed and calculated values. Isothermal magnetization curve recorded up to 5 T was
measured at temperature of 1.8 K.
 2015 Elsevier Ltd. All rights reserved.1. Introduction
Hexaamminechromium(III) tetraﬂuoroborate crystallizes at
room temperature in a cubic space group Fm 3 m (No. 225, O5h),
with the lattice parameter a = 1.1388 nm and four molecules per
unit cell (Z = 4) [1]. The crystal structure of this compound consists
of octahedral [Cr(NH3)6]3+ cations and tetrahedral BF

4 anions con-
nected by weak hydrogen bond interactions. Up to now phase tran-
sitions have been detected in compounds of the same [M(NH3)6]X3
type with M = Co, Cr, Ru and X = I, ClO4 , BF

4 [2–6]. The phase
transition temperatures of [M(NH3)6](BF4)3 compounds (for exam-
ple those with M(III) = Co, Cr, and Ru) are distinctly higher
(TC > 230 K) than those for [M(NH3)6](BF4)2 compounds (for exam-
ple with M(II) = Co and Cd (TC < 150 K)) [7]. The phase polymor-
phism of [Cr(NH3)6](BF4)3 has been studied by Górska et al. [8]
and Mikuli et al. [9] using differential scanning calorimetry
(DSC), X-ray powder diffraction (XRPD) and Fourier transform
infrared spectroscopy (FT-IR). DSC measurements indicated one
phase transition at TC1 = 238.4 K (on heating) in the temperature
range of (95 to 298) K. No convincingly characteristic changes
(splits) in the FT-IR spectra were observed in the region of thephase transition. The temperature dependences of the full width
at half maximum (FWHM) of the band at 1631 cm1, associated
with the das(HNH)F1u mode, and of the band at 355 cm1, associ-
ated with the dd(FBF)E mode, suggested that the phase transition
recorded is not connected with a drastic change in the speed of
the reorientational motions of either NH3 ligands or BF

4 anions.
Thus, [Cr(NH3)6](BF4)3 exhibits orientational dynamical disorder
of NH3 ligands as well as [Cr(NH3)6]3+ cations and BF4- anions across
a wide temperature range, and therefore, is one of the so-called
orientationally dynamically disordered crystals (ODDIC).
The aim of this study is to obtain heat capacity values at tem-
peratures between (9 and 300) K and thus establish the phase
polymorphism of polycrystalline [Cr(NH3)6](BF4)3 using adiabatic
calorimetry (AdC). Additionally, low temperature properties (0.35
to 20) K of this material have been investigated by measuring heat
capacity in function of magnetic ﬁeld using commercial relaxation
calorimeter Physical Property Measurement System (PPMS)
supplied by Quantum Design [10].
2. Experimental
A powdered sample was prepared and characterized as
described in previous paper [9]. Precursor compound to the syn-
theses of the title compound was anhydrous CrCl3 (Sigma–
Aldrich, mass fraction purityP 0.995), which was added to liquid
ammonia (mass fraction purityP 0.999) in order to obtain
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adding diluted HBF4 of analytical grade (Sigma–Aldrich) to aque-
ous solution of [Cr(NH3)6]Cl3. The obtained ﬁnal product was puri-
ﬁed by recrystallization from four-times distilled water.
Theoretical contents [%]: Cr, 12.54; N, 20.27; H, 4.38; B, 7.82; F,
54.99. Found: Cr, 12.27; N, 20.38; H, 4.39; B, 7.86; F, 55.30. The
mass fraction purity of the investigated compound was >0.9900.
The heat capacity measurement at low temperatures between
(0.35 and 20) K was performed with a Quantum Design PPMS com-
mercial relaxation calorimeter for the sample of mass 0.465 mg.
First, the sample was cooled down to T = 93 K at the rate of
6 K min1, then it was annealed at this temperature for 20 h.
Afterwards, the temperature was lowered down to 20 K at the rate
of 6 K min1. Then the measurements were conducted on lower-
ing temperature from 20 K down to 0.35 K for six values of external
magnetic ﬁeld: (9, 7, 5, 3, 1, and 0) T in succession. The analogical
measurements have been carried out for the sample rapidly cooled
down to 20 K and then measured. The results were identical to the
ones obtained for the annealed sample. More details concerning
this experiment can be found in the previous article [11].
Heat capacity measurements between (9 and 300) K were taken
using a laboratory-made adiabatic calorimeter for the sample of
mass 0.39647 g (0.9563  103 mol). The sample was sealed in a
vacuum-tight vessel that was placed under precise adiabatic condi-
tions. The vessel is made of copper and is gold plated. The inner
volume is 2.77 cm3. The temperature of the sample was measured
by a (rhodium–iron) alloy resistance thermometer attached to the
top of the vessel. The thermometer had been previously calibrated
on the ITS-90. To promote equilibration, the dead space of the ves-
sel was ﬁlled with helium gas at ambient pressure. The heat capac-
ity of the sample was obtained by subtracting the contributions of
the empty vessel and the helium gas from the total heat capacity.
The heat capacity of the empty vessel was determined in advance.
The data obtained are precise to 0.1% and believed to be accurate to
within 0.3% over the whole temperature range. More details con-
cerning experimental conditions are presented in the previous
papers [12–14]. DC magnetic measurements were carried out for
powdered sample using a MPMS5-XL SQUID magnetometer.
Isothermal magnetization curve recorded up to 5 T was measured
at temperature of 1.8 K.3. Results and discussion
3.1. Relaxation calorimetry
Figure 1 shows the molar heat capacity of [Cr(NH3)6](BF4)3
obtained under zero magnetic ﬁeld (red circles) and ﬁve nonzeroFIGURE 1. Heat capacity for the stable phase of [Cr(NH3)6](BF4)3 under external
magnetic ﬁeld of (0, 1, 3, 5, 7, and 9) T. Solid line shows the baseline used to extract
the magnetic contribution to the total heat capacity.values of the magnetic ﬁeld in the temperature range of (0.35 to
20) K. The values are given in supplementary information (table
S1). For zero magnetic ﬁeld, an upturn of the Cp values at low tem-
peratures is clearly seen. This anomaly shifts towards higher tem-
peratures with increasing external magnetic ﬁeld. For nonzero
magnetic ﬁelds well-deﬁned Schottky anomalies appear. The solid
line shows the baseline used in the extraction of the magnetic con-
tribution to the heat capacity. It was obtained in the following way.
Firstly, the zero ﬁeld values within the temperature range of (0.35
to 8) K were ﬁtted to the sum CpðTÞ ¼ CSchottkyðT;DÞ þ ClatticeðT;A;BÞ;
where:




ClatticeðT;A;BÞ ¼ AT3 þ BT5: ð2Þ
The second contribution including two terms comes from pho-
non excitations. The ﬁrst term is the standard low temperature
contribution, whereas the second term is due to anharmonic
effects. From a v2 minimization we obtained D = (0.453 ±
0.001) K, A = (4.21 ± 0.06)  103 J  K4 mol1, B = (2.5 ± 0.1) 
105 J  K6 mol1. The coefﬁcient of the cubic term can be used
to estimate the Debye temperature hD = (12 p4 n R/(5 A))1/3, where
n is the number of atoms in formula unit (n = 40), and R is the ideal
gas constant, yielding hD  264 K. The above ﬁt was limited to the
range of (0.35 to 8) K, because when using the full range of (0.35 to
20) K the heat capacity values were considerably overestimated in
the range (2 to 8) K. In the second step, the lattice component of
the best-ﬁt function was used to calculate the data in the low tem-
perature range below 6 K. Using this function 20 additional data
points with the temperature increment of 0.3 K were calculated
in the temperature range (0 to 6) K. Finally, the measured data
above T = 6 K together with the calculated data ﬁlling together
the interval from (0 to 20) K were interpolated with the cubic
spline function and smoothed, which served as the baseline for
magnetic anomalies. Figure 2 shows the data on subtraction of
thus estimated lattice contribution to the heat capacity. On the
high-temperature shoulder side of Cmag for all ﬁeld values a
depression of heat capacity values about T = 15 K is present fol-
lowed by a slight upturn. This anomaly was also visible in the pre-
vious series of measurements of this sample. The upturn of the
heat capacity values Cmag is rather of structural than magnetic ori-
gin, as it does not change its position with increasing magnetic
ﬁeld. It was included in the magnetic contribution due to the major
assumption of our analysis that the lattice contribution is a smooth
and monotonic function of temperature (polynomial expansion).FIGURE 2. Schottky anomaly ﬁts (solid lines) to the magnetic contributions to the
heat capacity for ﬁve values of the external magnetic ﬁeld. A system of 4 equidistant
levels was assumed.
TABLE 1








The successive ratios of the D parameters found from the ﬁts and the corresponding
ﬁeld ratios.
Ratio From ﬁts Field ratio
D(9 T)/D(7 T) 1.30 9/7  1.29
D(7 T)/D(5 T) 1.43 7/5 = 1.40
D(5 T)/D(3 T) 1.70 5/3  1.67
D(3 T)/D(1 T) 3.18 3/1 = 3.0
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change as a function of temperature shown in ﬁgure 3. To estimate
the entropy contribution in the temperature range (0 to 0.35) K a
ﬁt to the system of four equidistant levels was performed. The
entropy value thus obtained amounts to 2.6  106 J  K1 mol1
at T = 0.35 K. As can be seen, the entropy saturates at the value
close to Rln4 corresponding to a 4-level system. This fact is consis-
tent with the ground spin state expected for the Cr3+ ion character-
ized by the spin quantum number of S = 3/2. The calculated
entropy at the right endpoint of the temperature interval is slightly
larger (by 0.12 J  K1 mol1) than that calculated strictly within a
4-level model. This excess of entropy is due to the
procedure-dependent inclusion of nonmagnetic degrees of free-
dom. It is much smaller than Rln2 (5.76 J  K1 mol1), which
implies that its source is not in any discreet degrees of freedom.
Therefore, the observed excess heat capacities can be analyzed
in terms of the Schottky anomaly arising from the system of 4

















where n is the number of levels, D0 = 0, and Di denote energies of
the subsequent levels, and di are the degeneracy factors of the
levels. In our case n = 4. Fitting the nonzero-ﬁeld data to the above
formula with all Di relaxed and all degeneracy factors set to 1 was
unsatisfactory. Only on the assumption that the energy levels are
equidistant, i.e. D1 = D, D2 = 2D, D3 = 3D, satisfactory ﬁts were
obtained. Table 1 contains the results of the ﬁts and ﬁgure 2 shows
the corresponding ﬁts. One can see a good agreement with the
Schottky model.
In table 2 the successive ratios of the D parameters found from
the ﬁts and the corresponding ﬁeld ratios are listed. The agreement
between these values deteriorates as the absolute ﬁeld values are
decreased. It is almost perfect for the ﬁrst entry (difference  0.01)
and worst for the last one (difference  0.18) where the lowest
ﬁelds are involved. This may be due to the fact that at low ﬁelds
the assumption of ideally equidistant levels does not hold any-
more, and some additional mechanism for level splitting beside
the Zeeman interaction with the external magnetic ﬁeld (due to
that interaction a system of equidistant levels arises with the dis-
tance proportional to the external magnetic ﬁeld) must be taken
into consideration. This was already anticipated because of the
presence of the low-temperature anomaly in the zero-ﬁeld data.
Moreover, ﬁgure 2 shows that the model of equidistant levels fails
to reproduce the peak value of the anomaly observed in 1 T.FIGURE 3. Thermal dependence of entropy calculated on the basis of the magnetic
contribution to heat capacity for l0H = 5 T. The entropy saturates at the value close
to Rln4, which indicates the presence of a 4-level system.There are two possible explanations of this fact. One is the sup-
position that the chromium spins start to order at low tempera-
tures, and lead to the excess heat capacity, even at zero magnetic
ﬁeld. The other explanation, which we will analyze in what fol-
lows, is based on the structure of the low lying levels of Cr3+ ion
which arises due to the distortion of the high symmetry octahedral
coordination sphere and the (spin–orbit) coupling. For the Cr3+ ion,
which corresponds to the electronic conﬁguration 3d3, the orbital
ground term F (L = 3) splits in the crystal ﬁeld of the octahedral
geometry, so that the ground state is an orbital singlet C2. For this
reason, if we neglect the (spin–orbit) coupling, we should expect as
the ground state of the ion a degenerate spin quadruplet with the
g-factor equal to the pure spin value of 2.0. Yet the matrix elements
of the (spin–orbit) coupling between the ground orbital singlet C2
and the excited orbital triplet C5 do not vanish. This leads in the
second order of perturbation theory to the splitting of the ground
spin quartet. The corresponding effective Hamiltonian for the ion
reads:





þ lB~H  g
_ S^ ð4Þ
with S = 3/2. The ﬁrst term with parameter D is the so called
zero-ﬁeld splitting term, as it leads to the splitting of the ground
state, even in the absence of the external magnetic ﬁeld, into two
doublets with MS = ±1/2 and MS = ±3/2, respectively. The g spectro-
scopic factor is in general an anisotropic (tensor) quantity, but we
assume that it is isotropic and equal to the pure spin value. The
presence of such split levels implies also the Schottky type contri-
bution to the heat capacity. In this particular case the generic for-
mula (3) reduces to (1) used in the determination of the baseline.
The best ﬁt yielded D = (0.453 ± 0.001) K. Figure 4 shows the
zero-ﬁeld magnetic contribution and the Schottky anomaly calcu-
lated for the best-ﬁt parameter. On the basis of the Hamiltonian,
it is easy to ﬁnd that |D| = D/2, hence the estimated value of the
zero-ﬁeld splitting parameter is |D|  0.23 K. The Schottky model
does not allow the determination of the sign of D.
In order to reﬁne the calculations a numerical procedure was
prepared in the Mathematica 8.0 environment which calculates
the heat capacity of the system described by the Hamiltonian (4)
as a function of temperature and external magnetic ﬁeld. The pro-
cedure performs the averaging over different orientations of pow-
der sample crystallites with respect to the external magnetic ﬁeld.
The temperature dependence of the heat capacity was calculated
for orientations corresponding to 381 points uniformly distributed
within the rectangle [0, 1]  [0, 2p) in the (cosh, u) plane. First the
zero-ﬁeld data were simulated (in this case the averaging was
FIGURE 4. The Schottky anomaly ﬁt to the zero-ﬁeld excess heat capacity. A system
with two doubly degenerate levels separated by Dwas assumed. The value of D can
be related to the axial zero-ﬁeld splitting parameter D (|D| =D/2  0.23 K) expected
for the CrIII ion.
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found to be perfectly consistent with the values obtained within
the Schottky model ﬁt, which serves as a positive test for the cor-
rectness of the procedure. It is not possible to discriminate
between different signs of the D parameter (both signs give the
same result).
Figure 5 shows the isothermal magnetization for the sample at
T = 1.8 K together with the corresponding Brillouin function for
S = 3/2 and g = 2.0 (solid line). The agreement with the experimen-
tal values is perfect. The saturation value of the magnetization is
3 Bohr magneton. This result indicates that at T = 1.8 K the mag-
netic moments of the Cr3+ ions are still in a paramagnetic state
and the local magnetic anisotropy (D) is too small to induce
apparent effects.
It is a well-known fact that the demagnetization effect can bring
about a reduction of the applied magnetic ﬁeld. In order to check
the order of magnitude of this effect the crystallographic data were
used for the low-temperature phase (150 K). At this temperature
the sample crystallizes in the cubic system (Ia3) with a number
of [Cr(NH3)6](BF4)3 molecules in a unit cell Z = 32. The correspond-
ing mass density of the sample can be estimated to be equal
q  1.9 g  cm3. Assuming the full saturation of magnetization
(3 Bohr magnetons per formula unit), the magnetization per unit
volume (in cgs units) is:
MV ¼ Ml  ql ﬃ 76:78 emu  cm
3; ð5ÞFIGURE 5. Isothermal magnetization for [Cr(NH3)6](BF4)3 at T = 1.8 K. Solid line
shows the Brillouin function calculated for spin S = 3/2 and the spectroscopic factor
g = 2.0.where l = 414.593 g mol1 is the molar mass of the compound.
Assuming the maximal possible demagnetization factor N = 4p,
we obtain for the demagnetization ﬁeld 967 Oe, that is the order
of 1 kOe = 0.1 A m1, which is rather small in comparison with
the applied ﬁeld values.
In order to prove/disprove the possibility of non-negligible
intermolecular magnetic interactions the mean-ﬁeld calculation
assuming the presence of a weak exchange coupling between the
spins of the Cr(III) ions has been performed. We assumed ferro-
magnetic coupling of J0 = 0.02 K and the number of nearest neigh-
bors z = 6. For all ﬁeld values the calculated heat capacity was
found to be consistent with the experimental data. The peak
obtained for the zero external ﬁeld seems to be disproportionately
higher than what is observed, which strongly suggests that the
zero-ﬁeld heat capacity up-turn at low temperatures is linked with
the zero-ﬁeld splitting phenomenon (as above) rather than with
long-range order due to the intermolecular interactions. This
conclusion is also consistent with the purely Brillouin character
of the isothermal magnetization curve (see ﬁgure 5).
3.2. Adiabatic calorimetry
Figure 6 illustrates Cp vs. T for [Cr(NH3)6](BF4)3 determined from
adiabatic calorimetry in temperature range (9 to 300) K for a sam-
ple rapidly cooled (7 K min1) (Series 1, 2, and 3). A magniﬁed
view of the heat capacity values in the temperature range of
(220 to 250) K is shown in the inset to this ﬁgure. The results are
given in the supplementary information (table S2). It should be
noted that the values obtained by relaxation calorimetry are
shifted by 3% from those obtained by adiabatic calorimetry in the
range of overlap (below T = 20 K). The fact demonstrates that
although the data from relaxation calorimetry were precise
enough, the absolute accuracy is limited to 3% in this temperature
region. It must be stressed, however, that this cannot affect our
analysis at all. At about T = 93 K an anomaly was also visible in
thermal drift due to spontaneous warming effect. This indicated
that stabilization from a metastable phase was taking place. The
sample was then annealed at this temperature for 14 h and another
series of measurements (Series 4) was performed. For further sta-
bilization, the sample was annealed at the same temperature for
20 h and measured during the ﬁnal run (Series 5). Figure 7 shows
the comparison of molar heat capacities obtained during three ser-
ies of measurements between T = (50 and 120) K. With annealing
two effects can be observed. First, simultaneously the peak at
TC2 = 108.0 K became larger whereas the peak at TC3 = 91.9 K
became smaller. Second, a new small and sharp peak appeared atFIGURE 6. The molar heat capacity Cp obtained for a rapidly cooled sample of
[Cr(NH3)6](BF4)3. Inset: magniﬁed view of the molar heat capacity obtained
between T = (220 and 250) K.
FIGURE 7. The annealing effect on heat capacity of [Cr(NH3)6](BF4)3. Inset: a
schematic diagram of the Gibbs free energy to show the phase relation.
TABLE 3
Thermodynamic parameters of the phase transitions of [Cr(NH3)6](BF4)3.
Phase
change
TCn/K DHn/kJ mol1 DSn/
J  K1 mol1
AdC DSC [9] AdC DSC [9] AdC DSC [9]
II? I TC1 240.7 (238.5) 238.4 1.52 1.47 6.60 6.2
III? II TC2 108.0 0.596 6.13
V? II TC3 91.9
IV? III TC4 61.3 0.094 1.77
Standard uncertainties u are as follows: u(TC) (DSC) = ±0.5 K, u(DH)
(DSC) = ±0.10 kJ mol1, u(TC) (AdC) = ±0.5 K, u(DH) (AdC) = ±0.001 kJ mol1, u(DS)
(AdC) = ±0.01 J  K1 mol1.
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occur between two stable phases, III and II, and IV and III, respec-
tively, whereas the transition at TC3 is from the metastable phase V
to the supercooled phase II. The inset to ﬁgure 7 shows a schematic
phase relation with Gibbs free energy. The phase behavior of
[Cr(NH3)6](BF4)3 is very similar to the one observed in
[Co(NH3)6](ClO4)3 [2] except the transition at TC4 was not observed
on annealing.
Table 3 presents the thermodynamic parameters calculated for
all the phase transitions observed in [Cr(NH3)6](BF4)3 using adia-
batic calorimetry in comparison with our previous results obtained
by DSC method [9]. The parameters determined by these two
methods are in good agreement in the same temperature region.
4. Conclusions
1. There is no discrepancy between the observed values of the
magnetic heat capacity and the values calculated assuming
the zero-ﬁeld splitting for the decoupled Cr(III) ions. The axial
local anisotropy parameter |D| was found to amount to 0.23 K.
It is slightly lower than the value found in the single crystalEPR studies (+0.91 K) of the Cr(III) ions in hetero-metallic com-
plex [Cu(bpy)3]2[Cr(C2O4)3]NO39H2O [15]. This can be due to
the fact that the oxalate ligand C2O
2
4 is more effective in trans-
mitting electronic properties than the ammine ligand NH3
and/or the octahedral geometry of the [Cr(NH3)6]3+ cation
displays a comparatively weaker distortion. Unfortunately,
the calorimetric measurements do not allow the determination
of the sign of the anisotropy parameter. Themean-ﬁeld simulation
disproved the presence of non-negligible intermolecular mag-
netic interactions between the Cr(III) ions.
2. The [Cr(NH3)6](BF4)3 exhibits four solid–solid phase transitions
determined by adiabatic calorimetry in temperature range
between (9 and 300) K. The phase transitions at temperatures:
TC1 = 240.7 K (II? I), TC2 = 108.0 K (III? II), and TC4 = 61.3 K
(IV? III) occur between stable phases. The transition at
TC3 = 91.9 K occurs between metastable phase V and super
cooled phase II.
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